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Part I – Research Summary 
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Forward  

 The main volume of the work presented here 
considers  

Protocol and algorithm design for radio access networks  

Cellular, mesh, and cloud settings 

Validation through experimentation  
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Approach  

 Wireless communication  
 Complex with divers use cases 
 Simplified models and assumptions are often dangerous to validate 

ideas 
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Usecase 

Research 

idea 

Experiment 
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OPENAIRINTERFACE 

Unleashing the potential of open-source in the 4G-5G arena 

5 

htpp://www.eurecom.fr/


OpenAirInterface 
An open cellular ecosystem  

 Opensource software-based implementation of 4G LTE  
 Spanning the full protocol stack of 3GPP standard  

 E-UTRAN (eNB, partial UE)  
 EPC (MME, S+P-GW, HSS) 

 Realtime RF and scalable emulation platforms    
 Today GSM (openBTS / Range Networks / Fairwaves), soon 3G (openUMTS)) 

 Objectives  
 Bring academia closer to complex real-world systems 
 Open-source tools to ensure a common R&D and prototyping framework for rapid 

proof-of-concept designs 

 Playground  
 Commercial UE  OAI eNB + Commercial EPC * 
 Commercial UE  OAI eNB + OAI EPC * 
 Commercial UE  Commercial eNB + OAI EPC * 
 OAI UE  Commercial eNB + OAI EPC * 
 OAI UE  Commercial eNB + Commercial EPC * 
 OAI UE  OAI eNB + Commercial EPC 
 OAI UE  OAI eNB + OAI EPC 
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*only Realtime RF 
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Main Contributions 

 Standard compliant protocol development and 
interoperability testing  
Main focus: L2/L3 and scheduling 

 Realtime support based on  
 Legacy Linux LowLatency kernel (>3.14) 
 Symmetrical multiprocesisng (SMP) parallelism 
 Software optimization (profiling)  
 SIMD optimized integer DSP 
 Real-time data acquisition to PC 

 Virtualization 
 RAN and EPC 
 Integration with OpenStack 

 Built-in emulation platform  
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LTE Network in a PC   
MobiCom Demo 2014 
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Scalable Emulation Platform   

 Performance evaluation and at the same time a validation 
tool during the design and integration phases of a new 
technology 
 Close to seamless transition between realtime RF experiment and 

scalable and repeatable emulation 
 Reliable emulation in a controlled laboratory environments  

 Design choices  
1. Real protocol stack as in realtime RF 
2. PHY abstraction to predict the modem performance as in a real 

physical layer 
3. Hybrid discrete event generator to respect the frame/subframe 

timing  
4. Protocol vectorization  to share the same operating system 

 A set of auxiliary tools 
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Scalable Emulation Platform 
Towards Experiment as a Service Design 
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Scalable Emulation Platform 
Realism and scalability of PHY Abstraction  
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TM2 

Processing time bottleneck Average Aggregated Throughput  

Speedup factor (~31) 
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Conclusion  

 OAI is all software, all IP, and open  

 Integrated tools for a complete experiment life-cycle  

 Flexibility to architect, instantiate, and configure the 
network components (at the edge, core, or cloud) 

 E.g. The network can be packed into a single commodity 
server/PC or virtualized as a cloud service 

 Rapid prototyping of 3GPP compliant and non-
compliant use-cases  

 E.g. Software-define networking or mobile edge services 
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Latency 

htpp://www.eurecom.fr/


Low Latency Channel Access 

 Emerging application traffic sources bring new challenges in 
dimensioning radio access 
 Packets becomes small (overhead / payload) 
 Number of terminals goes large 

 

 Low-latency protocols and access methods are becoming crucial 
to improve the spectral efficiency and to lower the energy 
consumption 
 Frame structure 
 Multiple access methods and scheduling 
 Signaling and connection procedures 

 

 Minimizing latency during upload 
 Minimizes energy consumption in DSP and embedded processors  
 Maximize the spectral efficiency  
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Latency 
Regular and Contention Based Access (CBA) 

 In current LTE 

 Signaling overhead  latency 

Massive access   High collision 
rate and/or large waiting time 

 How to improve latency ?  

 Idea 

Use common resources 

Use traffic-aware scheduler  
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Contention Based Access 
Access method 
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1. eNB schedules CBA resources to a group of UEs identified by a 
common CBA-RNTI using SG 

2. UEs use their CBA-RNTI to decode the resource allocation 
information  

3. UEs determine which data to transmit on randomly selected 
resource coupled with their own C-RNTI 
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The UE should be uplink synchronized 

UE eNB 

0 ms 

0.5 ms 

3.5 ms 

4.5 ms 

Data+C-RNTI 

7.5 ms 

Time 

SG (CBA-RNTI) 
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Method to Handle Collisions 

 Each UE sends its C-RNTI and MCS along with data. 

 As the resource for CBA is not UE specific, collision happens when 
multiple UEs use the same resource. 

 For the collide UEs  
 Regular scheduling  is performed if their C-RNTIs are decoded 
 CBA/Regular retransmission is performed if no ACK or SG is received   
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Modeling Approach 
Semi-Markov Process  

Control and Data are muxed 

 P1:  Control  &  Data 

 P2:  Control  & Data   0  

 P3:  Control  &  Data  

 P4:  Control  & Data 
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S0:     no packet in the UE’s buffer 

S2i-1:  the ith CBA transmission. 

S2i:    the UE is waiting for the ACK or SG 

𝑻 = 𝑷𝟏𝑻𝟏 + 𝑷𝟑𝑻𝟑 + 𝑷𝟒𝑻𝟒 
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CBA Simulation Results  
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Further 10-20% improvement with higher number of receiving antennas  

and higher coding rate of the control information 

70% reduction! 
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CBA Emulation Setup with PHY abstraction  
Benchmarking Methodology   
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11 benchmarking areas  
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CBA Emulation Results 
Average RAN Latency with probabilistic backoff  (.5)  
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Observations 
Area 5  
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Uncoordinated traffic  Coordinated traffic  
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Observations  

 Opportunities 
 Significant reduction in latency for large traffic patterns 

 Applicable to  
LTE/LTE-A(Rel12) 

UL as well as to D2D and D2MD (proximity networks, group) 

 

 Challenges 
 Very small packets ( < 3 bytes) 

 Trade-off Backoff/latency and grouping/collision   

 CBA Resource allocation  
Interplay with the regular scheduling 

Traffic statistics or prediction to optimize uplink grants 

 Requires modifications on UE side as well 
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Highlights  

 On going  
 Adaptive Packet aggregation, under submission 
 DRX for sporadic and small packets 
 CBA for D2D and D2MD  

 Collaborators  
 K. Zhou, R. Knopp, C. bonnet, T.  Spyropoulos  
 P. Svoboda, M. Laner, M. Rupp 
 S. Krco, M. popovic 
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                          Requirements 

Method 

Massive 

devices  

Power 

saving 

Latency Reliability 

Packet Aggregation (WCNC 2013) 
  

TTI Bundling (ICC 2015) 
  

Contention-based access (VTC 2012) 
   

DRX optimization (IEEE Com. Letters 2013) 
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EVOLVING UES FOR COLLABORATIVE 
WIRELESS BACKHAULING 
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Cooperation 
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Virtual Link 
broadcast-store-relay  
 Paradigm shift  

 UE becomes an active network elements  (require incentives)  evolved UE 

 Dual benefits 
 Network: Reestablish a non-ideal X2 air interface --> meshing the base stations   
 Terminal: Increase aggregated data rate through multi-connectivity 
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Cooperative MAC Layer Design  
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Emulation Setup with PHY abstraction  
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Results 
Network benefit 

 Cooperation 
 Significant performance improvement  
 Robustness to higher BLER 

 MAC buffers reduces the loss rate and allow multihop 
HARQ  
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Results 
Terminal benefit 
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 Multiple connectivity 
 Increases the  aggregated data rate 
 Facilitate the handover  
 Change the definition of cell association 
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Conclusion 

 Virtual Link  
 Signal-level cooperation 

Packet-level cooperation 

Network-level cooperation  

 Dual benefits 
 Enable network to reestablish the X2 interface  

 Enable Terminal to increase the aggregated data rate  

 Challenges  
Distributed synchronization  

Optimal relaying strategy  

 Terminal Incentives  and power consumption  
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Highlights  

 On going  
 eNB meshing (in-band  without eUE)  and SDN 
 Self-organizing operation  
 Full-duplex radio  

 Collaborators  
 R. Knopp, R. Favraud 
 A. Cipriano 
 A. Apostolaras, T. Korakis, I. Koutsopoulos, L. Tassiulas 
 J. Caravetta, C. Gazzano   
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                          Requirements 

Contribution  

Non-ideal 

backhaul 

Multiple 

connectivity 

Latency L3/SDN Incentives 

eUE (SECON 2015) 
   

CONET White paper (2012) 
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Cloud 
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Economics of mobile are changing 

 “Commoditization and Cloudification” of RAN as well 
More generic computing equipment right down to PHY 

(x86/ARM) (even maybe PHY) 

VRAN <-> NFV (OpNFV, JuJu + Ubuntu OpenStack + MAAS) 

Emergence of OpenStack in vicinity of RAN 

 Lots of (cheap) open-source hardware starting to emerge 

 Mobile Edge Computing, Networking, and Storage  
 ETSI MEC study / NGMN Smart Edge Node / Nokia+Intel: 

smart Pipe  

 Towards a new network market place   

 Local cloud is becoming an integral part of RAN  

OAI - Open-Source 
Solutions for 5G 
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 Cloud-RAN, Is it feasible ?  

 Critical Issues  

Capacity requirement for fronthaul 

 Latency requirement for BBU 

Real-time support in virtualization environment 
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Downlink Uplink 

PHY 

MAC 

RAN 
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 Cloud-RAN, is it feasible ?  

 Rapid increase in Fronthaul capacity  
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 Indoor (AirVana onecell) versus outdoor (CMCC, 
ALTIOSTAR) 

 Indoor (applicable to outdoor) 

Regular Ethernet or (syncE) +1588v2 (even copper!) 

 Low-power (<20W), cheap I/Q transport to BBU (i.e. not CPRI) 

 Some DSP in RRH to reduce transport speed/cost 

 Ethernet is a commodity 
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 Cloud-RAN, is it feasible ?  

 FDD LTE HARQ requires a round trip time (RTT) of 8ms 

𝑇𝑥 + 𝑅𝑋 ≤ 4 − 𝑎𝑐𝑞𝑢𝑖𝑠𝑎𝑡𝑖𝑜𝑛 + 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 ≈ 3𝑚𝑠 

2ms RX and 1ms TX  (can’t be parallelized) 

 NGMN considers extended RTT 
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 Cloud-RAN, is it feasible ?  

 From full to no virtualization 

KVM, LXC, Docker, GPP 

 BBU Processing time  
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 Cloud-RAN, is it feasible ?  

 From full to no virtualization 

KVM, LXC, Docker, GPP 

 I/O delay  
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Conclusion 

 LXC/Docker proved to provide a bar metal performance  

 Exploit native Linux Features. 

 Does not require a hypervisor. 

 Lightweigth, lower overhead and potentially better performance. 

 LXC/Docker ecosystem 

 Growing popularity, promising! 

 Integration with OpenStack. 

 Limitation 

 Does not support multi-OS. 

 Require support from the host OS. 

 Not adequate for dynamic networking  
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Highlights  

 On going  
 Modelling RAN Processing  
 RANaaS  
 Ethernet Front-haul  

 Collaborators  
 R. Knopp, C. Bonnet, K. trilyraki 
 I. Alyafawi, E. Schiller, T. Braun 
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                          Requirements 

contributions 

Front 

haul 

Virtualization 

techniques  

BBU MAC Testbeds 

field trials 

C-RAN Tutorial  (ICC 2015) 
     

C-RAN Critical Issues  (ICC 2015) 
  

Challenges  (EUCN 2014) 
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BACKUPS 
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Part III - Perspective 
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Perspectives  

 Open source tools to ensure 4G->5G  

Common R&D and prototyping framework 

Drive innovation in 5G by following the standard (from Rel12) 

Maintain opensourcce policy (GPLv3 -> Appache) 

 Leverage the crowdsourcing effect   
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Perspectives  

 vRAN + MEC + SDN 

 All-IP based radio bearers for local 
cloud  
 low-latency services 

 Routing/switching  

 

 Programmable radio network  
 

 Cognitive learning and decision 
making 

 

 Network application market place  

 Ethernet-based Fronthaul 
 BBU is slave to network of RRH 
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Perspectives  

 Over-the-air meshing of the base station 

 Towards a self-organized network 

 Full duplex radio 

 Massive uncoordinated and coordinated access 
protocols 

New frame structure  

Non-orthogonal multiple access  

 channel access method  
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